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NOTATION ANT) DEFINITION OF TERMS 
Aqueous product. The aqueous stream leaving the stripping unit, 
containing liafniura-free zirconium. 
Column. Any piece of equipment vjhich contacts two liquids in a counter-
curr-ent fashion. 
Distribution coefficient. The ratio of the concentration of a 
component in the organic phase to its concentration in the aqueous 
phase. 
Extract, The organic stream leaving the extraction apparatus, contain­
ing hafnium-free zirconium. 
Extraction apparatus. The equipment consisting of both the extraction 
and scrub sections. 
l;)xtraction section of the colvunn. The stages in wliich the aqueous 
volume consists of the scrub and feed volmes. The organic solvent 
enters tlie extraction section and the raffinate stream leaves the 
extraction section. 
Feed. An aqueous solution of hafnium and zirconium nitrates, normally 
in the ratio Hf x lOO/Zr 2.2-2.5. 
Fusion Mass. Reaction product of zircon sand and caustic soda. 
Krr^ .* Distribution coefficient of hafnium, ofg* 
Hf gm. Hf/1. aq. 
Kr, , Distribution coefficient of zirconium, 
gm. Zr/l. aq. 
Nitric acid concentration. The result of the following analyses of the 
solution: 
total acidity - 2(molarity of hafnium and zirconivm). 
Oxide concentration. Concentration of hafnium-zirconium oxides, weight 
per unit volume. 
Q. Volume rate of flow, volume per unit time, 
Raffinate. The aqueous stream leaving the extraction section, contain­
ing a high ratio of hafnium to zirconium. 
Scrub, An aqueous solution of nitric acid introduced to the extraction 
apparatus to remove the small amount of hafnium in the organic 
solvent. 
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Scrub section of the column. The stages in which the aqueous volume 
consists of the scrub volume and in which the organic phase 
contains oxide mth low hafnium-zirconium ratios. The extract 
leaves the scrub section. 
Separation factor. An index of purification, equal to 
(Ht X 100/Zr)jq. 
Stage. The contacting and separating of the organic and aqueous 
phases in such a manner that the two exit streams are in eqviili-
brium. 
Stripping unit. An extraction apparatus used to remove the hafnium-
free zirconium frora the extract phase with distilled water, 
TBP, Tributyl phosphate. 
Total acidity. The total amount of standard base required to neutralize 
the free acid and to precipitate the hafnium and zirconium in 
solution. A phenolphthalein indicator was used, 
X, Concentration in the aqueous phase, 
y. Concentration in the organic phase, 
3, Separation factor. 
SubscriptsJ 
A» Aqueous phase 
E, Esrtract 
F, Feed 
R, Raffinate 
S, Scrub 
T, Organic solvent 
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SU1«4ARI 
A liquid-liquid extraction process has been developed which 
produced an aqueous solution of airconium nitrate containing less 
than 100 parts of hafnium per million parts of zirconium. An aqueoxis 
solution of zirconium and hafnium nitrate-nitric acid was contacted 
with tributyl phosphate organic solvent in a lU-stage mixer-settler 
apparatus. The zirconium was preferentially extracted into the 
organic solvent. The hafnium and a majority of the minor impurities 
remained in the aqueous phase. The zirconium in the organic solvent 
was removed from the solvent with distilled water in a second mixer-
settler apparatus. The recovery of hafnium-free zirconium x-jras greater 
tlian 96 per cent* 
The source material for zirconium was the reaction product of 
caustic soda and zircon sand. The reaction product was leached with 
water to remove the water soluble silicates and then was dissolved in 
sulfuric acid. The zirconium was precipitated as zirconium Itydroxide 
from the zirconium sulfate solution ly the addi.tion of ammonium 
hydroxide. The sulfate was then washed fwm the hydroxide and the 
washed hydroxide was dissolved in nitric acid. This procedure was 
effective in reducing the silica content of the nitrate solution to 
the very low levels necessary for trouble-free extractor operation. 
The dissolution of the leached reaction pi'odiict in nitric acid and 
hydrocliloric acid was also studied. 
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In the separation of zirconium from hafnium by extraction, an 
organic solvent of 60 volume per cent tributyl phosphate-UO volume 
per cent heptane was used. The combination of 5»0 normal nitric acid 
aqueous solutions and the 60-lt0 solvent mixture was determined the 
optimum from mass transfer, separation, and solvent degradation 
considerations. 
A procedure to obtain equilibrium data and to predict continuous 
operation in fractional liquid-liquid extraction was presented. Pre­
liminary equilibrium data were obtained from a simiAlated column run, 
involving a series of batch contacts operated in such a manner as to 
approach steady state countercurrent extraction. The flow ratios and 
stage requirements for a continuous run were then determined by trial 
and error using the modified HcCabe-Thiele method. The use of the 
procedure was successful in predicting product composition in continuous 
extraction runs. 
A preliminary cost analysis indicated a chemicals cost of ^ 0.99 
per pound of hafnium-free zircond-um, for converting zircon sand into 
a hafnium-free solution of zirconium nitrate. A similar figure for 
the currently used thiocyanate extraction process is $1.3U« 
-3-
INTRODUGTION 
Zirconium has emerged into proininence in recent years due to its 
favorable corrosion resistance and nuclear jjroperties. Together ijith 
its structural properties, these factors have led to the use of 
zirconium as a structural material in nuclear reactors. 
Zirconim occurs naturally in the ores zirkite, zircon, and 
baddeleyite. Hafnium is associated with zirconium in all natural 
occurring ores to approximately 2 per cent by weight. Hafnium, having 
a high neutron cross-section, must be removed from the zirconium prior 
to use in nuclear reactors, 
Hudswell (8) has reviewed the separation of hafnium and 
zirconium prior to 19U9. Hafnium-free zirconium has been prepared by 
adsorption of hafnium from a methanol solution on activated silica 
gel (2, 7, 13J 16). Huffman and Beaufait (9) have used liquid-liquid 
extraction to separate hafnium and zirconium on a laboratory scale. 
A benzene solution of thenoyltrifluoroacetone Tjas used as the organic 
solvent. Large quantities of hajCnium-free zirconium 1-iave been produced 
at Oalc Ilidge by the liquid-liquid extraction of a thiocyanate solution 
viith methyl isobutyl ketone (6, 17, 18). 
The Ames Laboratory has developed a process for the separation of 
hafnivmi and zirconium by liquid-liquid extraction of a zirconyl 
chloride-nitric acid solution with tributyl phosphate (3). In this 
process a zirconium product with less than 75 parts of hafnium per 
-It-
million of zirconium was obtained. Millard and Cox (15) have 
reported on tlie solvent recovery and regeneration as applied to this 
process. 
In the early stages of the development of the Ames Laboratory-
process for the separation of hafnium and zirconium (3)* the extrac­
tion column feed solution contained zirconyl chloride and calcium 
clxLoride dissolved in nitric acid. The zirconyl chloride was 
available either from zirconium tetracloloride or as zirconyl cliloride 
octahydrate prepared from the reaction product of caustic soda and 
zircon sands. The calcium chloride acted as a salting-out agent, i.e., 
a component i^ liich increased the mass transfer from the aqueous phase 
to the organic phase. The use of the calcium-chloride-nitrate system 
had two inherently undesirable features; (a) the economics of the 
process necessitated that the nitric acid be recovered and reused, and 
the separation of nitric and hydrochloric acids twuld be quite 
involved; and (b) the use of a salting-out agent added one more 
component vfhich would have to be recovered and recycled. This investi­
gation was concerned, therefore, >jith the possible use of an all-nitrate 
extraction system, which would sim.plify acid recovery and the choice of 
materials of construction. Figui'e 1 presents a schematic diagram of 
the Ames Laboratory process utilizing an all-nitrate extraction system. 
Zircon sand was used as a source material for zirconium in the 
Ames Laboratory process. The zircon sand was "opened up" by a caustic 
fusion (21), Sodium airconate and sodium silicate were the major 
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products of the caustic fusion. The water soluble silicates were 
leached with vjater and the remaining solids contained zirconium with 
a small quantity of silica. The leached solids were dissolved in 
sulfuric acid. The airconim nitrate feed solution was prepared by 
precipitating zirconium hydroxide from the sulfate solution mth 
ammonium hydroxide, washing the hydroxide, and dissolving the i^ rdroxide 
in nitric acid. This nitrate solution was used as feed material to the 
extraction apparatus. 
The hafnium was removed from the airconium by countercurrent 
liquid-liquid extraction vri.th tributyl phosphate. The zirconium was 
preferentially extracted into the tributyl phosphate while the hafnium 
remained in the aqueous phase. The organic solvent, a tributyl 
phosphate-heptane mixture, was recycled after the hafnium-free 
zirconium had been reextracted with distilled water. The recycled 
solvent was regenerated. The aqueous raffinate solution, containing 
the hafnium with a small quantity of zirconim, and the aqueous product 
solution, containing the hafnium-free airconium, could be fed with 
sulfuric acid to separate distillation units for nitric acid recovery. 
The hafnium-free zirconium was removed from the distillation unit 
as zirconium sulfate. The zirconium sulfate could then be processed 
to metallic zirconium by either of two methods, the KroU process (12) 
or the calcium reduction of the fluoride. The sulfate could be con­
verted to the oxide and then chlorinated to zirconium tetrachloride for 
magnesium reduction in the KroU processj or the fluoride could be 
-7-
prcpared by precipitating zj.rconium tetrafluoride monohydrate ly the 
addition of aqueous liydrofluoric acid to solid zirconium sulfate (lit-). 
The airconivim tetrafluoride monohydrate was dried by passing anhydrous 
hydrogen fluoride over it and then reduced to the massive metal with 
calcium. Zirconium metal thus reduced had a Hockvrell "A" hardness of 
U6.1 (lU). 
In this investigation particular emphasis was placed on the pre­
paration of a siaitable extraction column feed solution from the 
reaction product of zircon sand and caustic soda, and on the effect of 
extraction variables on the mass transfer and separation of hafnium 
and zirconium with tributyl phosphate. 
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INVESTIGATION 
The investigation was divided into two sections: (a) the prepar­
ation of a zirconium nitrate feed solution from the reaction product 
of caustic soda and zircon sandj and (b) the effect of extraction 
variables on mass transfer and on the separation of hafnium and 
zirconium with tributyl phosphate. 
Preparation of Zirconium Nitrate Feed Solution 
Zirconium occurs most abundantly in zircon ore, a silicate found 
in large deposits along the Florida coast. The zirconium in the 
zircon sand t^ as rendered acid soluble by a caustic digestion process 
developed by Spink and VJilhelm (21). It was realized early in this 
investigation that the zirconium had to be in a nitrate solution to 
obtain a suitable purification of zirconium from hafnium by liquid-
liquid extraction using tributyl phosphate as a solvent. It was also 
noted that tlie \ise of tributyl phosphate demanded that the silica 
content be reduced to less than 1,000 parts per million (expressed as 
ppm. Si/ZrOg) to prevent operational difficulties in the extraction 
apparatus. 
Spink and VJilhelm (21) found ttiat caustic soda was a suitable 
agent for the decomposition of zircon sand. Using an optimum ratio 
of 1.1 parts by weight of caustic soda to one part of zircon sand, 
sodium zirconate and sodium silicate with small amounts of sodium 
silicozirconate were formed after heating for 1 to 2 hours in a furnace 
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set at a temperature of about 6^ 0° C. The resulting product was a 
light-colored granular material. The product of the reaction shall 
hereafter be referred to as the "fusion mass." 
A typical analysis of the fusion mass was 
ZrOg 30,9% 
NagO 
SiOg lii.35^  
unreacted sands $*0$ • 
Leaching of fusion mass 
The fusion mass was veiy caustic in nature and hence hygroscopic. 
A water-leaching of the fusion mass provided a simple method for the 
removal of the excess sodim hydroxide and the water soluble sodium 
silicates. It was found that the water-leaching did not remove all of 
the silica. The insoluble silica was apparently in the form of a 
double salt, possibly sodi\im silicozirconate, which was formed dxuring 
the caustj.c decomposition. Like sodium zirconate, this material was 
not soluble in water but was readily acted upon by the stronger 
inorganic acids to produce a zirconium salt, a sodium salt, and silicic 
acid. 
In the leaching tests, 2$ grains of the fusion mass v;ere contacted 
with a quantity of cold distilled water. The two phases were vjell 
agitated and the solids permitted to settle. The supernatant liquid 
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was decanted and a sample was taken of the solids. The solids were 
dried at 110° C. and then analyzed for silica and zirconiw. 
(see Appendix A), Table 1 shows the silica remaining in the solids 
after leaching with water. Large scale leaching tests agreed very-
well t-dth the laboratory tests. 
Table 1 
Evaluation of Leaching Fusion Mass with Cold Distilled Water 
Gallons of water per 
contact per lb. of fusion 
m£iss 
Number 
of 
contacts 
% Si02 
in dried leached 
fusion mass 
0.5 1 6.25 
1.0 1 5.53 
2,0 1 5.26 
U.o 1 5.13 
12.0 1 5.25 
1.0 h 5.26 
It has been reported in the literature (11) that sodim zirconate 
hydrolyzes to form zirconium hydroxide according to the equation 
NagZrO^  + 3 HgO —2 NaOH + Zr(OH)j^  , 
Experiments showed that when the leached fusion mass was ignited at 
800° C. for 2 hours, approximately 90 per cent of the solids became 
acid insoluble. It was liypothesized that the zirconium hydroxide 
formed upon leaching was converted to acid insoluble zirconium oxide 
upon ignition, while the unhydrolyzed sodim zirconate and sodium 
silicozirconate remained acid soluble. 
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Table 2 shows analyses of topical leached fusion masses. 
Table 2 
Analyses of Typical Leached li^ ision Masses 
Leached fusion mass 
Leached 2 gal,/lb. 
Leached fusion mass 
Leached U gal./lb. 
% Zr02 62 .li 67.2 
% NagO 11.3 9.66 
% SiOg 5.26 5.13 
% unreacted sands 12.5 10.1 
It should be noted that the summation of the analyses in Table 2 does 
not total 100 per cent. The data were reported as the oxide, while 
the material analyzed was not in the oxide form. A large percentage 
of the zirconium in the leached fusion mass is probably present as the 
hydroxidej the sodi\im and silica may be present as a double salt of 
zirconium. From the analyses of the fusion mass (see page 9) and the 
leached fusion mass (see Table 2) it is estimated that approximately 
80 i5er cent of the silica in the original fusion mass is water soluble. 
Dissolution of fusion mass in hydrochloric acid 
iiirconium nitrate can be obtained by dissolving the leached fusion 
mass in hydrochloric acid, performing several recrystallizations of 
zirconyl cliloride octal^ drate to remove the silica and other impurities. 
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precipitating zirconium hydroxide with a base, washing the cliloride 
ion from the solid precipitate, and then dissolving the precipitate in 
nitric acid. Spink and V^ iU-ielm (21) made an extensive study on the 
preparation of zirconyl chloride octahydrate from leached fusion mass. 
They reported a silicon analysis of 100 ppra. (expressed as ppra. Si/ZrC^ ), 
after several recrystallizations of zirconyl chloride octahydrate. 
It was desirable from a materials-of-construction and nitric-acid-
recovery vie-wpoint to have low concentration of chloride ion in the 
nitrate feed solution to the extraction apparatus. To obtain tliis, 
zirconyl chloride was dissolved in water and the zirconium precipitated 
as the hydroxide by addition of aqueous ammonium hydroxide. The volumi­
nous solids formed were then washed and decajited several tjjnes. A sample 
of the solids was taken after each decantation and was analyzed for 
chloride ion and zirconium (see Appendix A). The results of the washing 
of the hydroxide to remox^ e the chloride ion are tabulated in Table 3» 
Table 3 
Effectiveness of Water Washing the Chloride Ion from 
Zirconium Hydroxide 
Gallons water per C]/" wt. ratio in 
lb. zirconium Zr remaining solid 
0 1.51+ 
7.5 0.066 
11.5 0.02 
18.0 0.007 
2l;.5 o.oou 
30.5 0.0007 
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Uiasolution of fusion mass in siilfuric acid 
The leached fusion mass may also be dissolved in sulfuric acid. 
The zirconim was precipitated from a zirconium sulfate solution ty 
the addition of a base. The sulfate ion was removed from the precipi­
tated zirconium hydroxide by successive waslxLngs and decantations. 
The hydroxide was then dissolved in nitric acid. Since sulfxiric acid 
is a strong dehydrating agent, silicon dioxide, rather than silicic 
acid, was formed from the silica in the leached fusion mass. Therefore, 
no further purification steps were required, as in the preparation of 
zii'conyl chloride, to reduce the silica content of the feed solution. 
The reaction of the leached fusion mass and sulfuric acid was 
highly exothermic and no additional heat was required for the reaction 
to go to completion. The reaction product, a thick paste, was readily 
soluble in water. After the solution had cooled, the tmreacted sands 
and silicon dioxide were filtered on a BUchner funnel. The zirconium 
sulfate solution was then further diluted to approximately 6 grams of 
zirconium oxide per liter because it was found that if zirconium were 
precipitated from a concentrated zirconium sulfate solution, a basic 
sulfate of zirconium would precipitate from which it was difficult to 
wash the sulfate ion. However, the basic sulfate was avoided when 
zirconium hydroxide was precipitated from a dilute sulfate solution 
by the addition of aqueous ammonium hydroxide. The hydroxide was 
filtered and then dried in a drying oven at approximately 60° C. The 
zirconium hydroxide, when dried in this mannei', was reduced to 
-Ui-
approximately one third its original solid volume and formed a very-
hard vitreous-like material. V.'hen contacted -vd-th water, the dried 
zirconium hydroxide shattered into a fine granular material, which 
settled rapidly when contacted with an excess of vmter. The washing 
of tl-lis granular solid was much easier than the washing of a tliiclc, 
voluminous solid. 
The dried hydroxide solids were contacted with a given quantity 
of water, the mixture vras well agitated, and the solids were permitted 
to settle. The supernatant liquid was decanted and a sample of the 
solids was taken. The sample vjas analyzed for the sulfate ion and 
zirconium (see Appendix A). The solids were then again contacted Tri.th 
water. The results of the washing and decantation tests are tabulated 
jji Table Most of the sulfate was removed quickly and prolonged 
washing was unnecessary. jVfter vxashing, the hydroxide was dissolved 
in the proper amounts of nitric acid and water to give a zirconium 
nitrate feed solution. 
Table k 
Effectiveness of Water Washing the Sulfate Ion 
from Zirconium hydroxide 
Gallon Vfeter per 
lb. zirconium 
sog 
Zr 
wt. ratio in 
remaining solids 
0 1.35 
6.1 0.2i4 
12.2 0.20 
18.3 0.17 
2k*k 0.17 
30.5 0.17 
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Dissolution of fusion mass in nitric acid 
The most direct method to produce a zirconium nitrate solution 
from the leached fusion mass would be dissolution in nitric acid. The 
direct addition of nitric acid to the leached fusion mass produced 
zirconim nitrate and silicic acid. The silicic acid was \mpredictable 
in its action, at times forming a thixotropic mass immediately and, at 
other times, forming a thixotropic mass after several months' standing. 
At all times, if an appreciable quantity of silicic acid were present 
in the zirconium nitrate solution, a semi-solid resulted upon contact 
with the organic solvent used in extraction. Continuous operation of 
the extraction equipment would be impossible with these conditions. 
Since it was impossible to recrystallize zirconium nitrate, a purifi­
cation from silica by recrystallization could not be effected. 
The silicon content of the zirconium nitrate solution could be 
reduced by contacting the leached fusion mass with an excess of 
concentrated nitric acid and by evaporating the resultant solution to 
dryness. The high temperatures used for evaporation to diyness 
apparently dehydrated the silicic acid formed. The dried solids were 
then dissolved in either water or dilute nitric acid. The silica and 
unreacted sands then had to be filtered from the zirconium nitrate 
solution. If the silicic acid were not completely dehydrated, the 
filtration was very slow and difficult. 
Table 5 presents the results of a study of the silicon removal by 
evaporation to dryness t>rith nitric acid. Twenty-five grams of leached 
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Table 5 
Silicon Removal by Evaporation to Dryness of Fusion Mass 
and Nitric Acid 
Temp. Time of heating cc. HNO^  % Zr ppm. Si/Zr02 
°C, hrs. gm. fusion mass recovery in solution 
125 h h 86.3 750 
125 8 h 89.U 820 
125 16 k 91.5 520 
125 8 3 98.0 -1000 
125 8 2 91.8 -1250 
135 h h 97.9 66o 
135 8 h 97.3 -1000 
135 16 k 97.8 550 
lii5 h h 91.3 -2000 
1U5 8 h 98.5 -1600 
1U5 16 k 93.2 -2000 
fusion mass were contacted ;d.th concentrated nitric acid and placed in 
a constant temperature oil bath for a given length of time. The 
solids were then permitted to cool and were dissolved in water. The 
solution was filtered and analyzed for zirconium oxide, and a sample 
of the solution was evaporated to dryness and submitted to the 
spectrographic laboratory for silicon analysis. 
It was apparent from the small scale experiments tliat a zirconium 
nitrate solution with a low silicon content could be produced by the 
evaporation to dryness of -tiie reaction product of leached fusion mass 
and nitric acid. A steam-jacketed 50-gallon glass-lined Pfaudler 
reactor with agitator was used in the larger scale experiments. 
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A water-jet eductor was used to remove the acid fumes. In production 
a condenser would be used to condense and recover the evaporated 
nitric acid. Twenty pounds of dried leached fusion mass were added to 
12 gallons of concentrated nitilc acid. The reaction mass was heated 
for 3 hours with steam at 1$$° C. and 9 hours with steam at lJ+2° C. 
The solids tiere dissolved in dilute nitilc acid and the solution 
filtered. The silicon analysis of the final solution was II4OO ppm. 
(expressed as ppm. Si/Z3r02). This silicon content was above specifi­
cations for the extraction apparatus. VJhen this feed solution was 
introduced to the extraction equipmentj a thixotropic mass formed in 
the stage below the feed stage, malcing continuous operation impossible. 
The high silicon analysis obtained in the large scale equipment 
may be explained by incomplete agitation and heating. The reactor 
used had a drain valve in the bottom which covered approximately 
12 per cent of the bottom area of the vessel. The only heat reaching 
the solids over the drain valve was by conduction from other solids in 
the vessel. It was noted when the evaporation was carried out in an 
open evaporating dish that the solids next to the heat transfer 
surface formed a hard, crusty solid to a tiiickness of approximately 
one-half inch. It vjas also noted that the temperatures of the solids 
in the evaporating dish ranged from 80° C. at the surface of the solids 
to 110*^  G. at the surface of the crusty solid layer with steam of 
1^ 5° C. in the jacket of the evaporating dish. The hard, crusty solid 
had a low thermal conductivity. An agitator which would continuously 
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scrape the heat transfer siirface free of solids and a reactor without 
a bottom drain would probably deliydrate more of the silicic acid and 
reduce the silicon content of the final zirconium nitrate solution. 
The preparation of zirconium nitrate feed solution by dissolving 
the reaction product of zircon sand and c«.ustic soda in sulfuric acid 
with subsequent precipitation and imshing was found to remove silica 
most satisfactorily. Use of hydrochloric acid involved time-consuming 
recrystalliaationsj use of nitric acid did not always result in 
complete silica removal. 
Fractional Liquid-liquid Extraction 
The analysis of the separation of two compounds by liquid-liquid 
extraction has not been successfiilly reduced to a mathematical 
correlation in the literature. Bartels and Klieman (1) and 
Klinkenberg (10) have developed mathematical treatments, but both 
parties made the assumptions of (a) constant dijstribution coefficient, 
K, i.e., a straight equilibrium line and (b) the addition of liero 
volume in the feed stream. Scheibel (20) has presented a graphical 
treatment, which requires a complete knowledge of the equilibrium data 
over the range of operation. The assumptions of Bartels et. al. do not 
apply to the present extraction of hafnium and zirconium, and complete 
knowledge of the equilibrium of the system is not known. 
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To facilitate the understanding of fractional extraction an 
analogy may be drawn from the McCabe-Thiele method used in distilla­
tion calculations. The folloTd.ng assumptions are made in counter-
current liquid-liquid extraction; (a) there is no volume change in 
either phase flovring through the equipment and (b) the only solute 
entering the equipment is in the feed solution, A material balance 
on the solute aroxmd the scrub section of the extraction column 
(see Figure 2) xjill give the equation of the operating line in the 
scrub section^  
Similarly the equation of the operating line in the extraction section 
of the column is 
y " ^  (x - 3Cj^ ) 
0 
It can be shown that tlie operating lines intersect at a point, where 
X " XP (see Figure 3)« This point does not necessarily exist in the 
column. 
The transition from one operating line to the other operating line 
at the feed is illustrated in Figure U, At the feed point, the compo­
sition of the aqueous phase changesj the organic composition, however, 
remains constant (see Figure 2). Therefore, the compositions of the 
aqueous and organic phases immediately above the feed point are on the 
upper operating line, while the compositions of the aqueous and organic 
phases immediately below the feed point are on the lower operating line. 
n SCRUB EXTRACT v gg  ^
Xs= 0 
SCRUB 
SECT I ON 
n 
STAGES 
Xp 
Qp 
FEED 
EXTRACTION 
SECTION 
m 
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Q„ .PAFFINATEI 
XR 
Q = VOLUME /  UNIT TIME 
X" AQUEOUS CONCENTRATION 
Y= ORGANIC CONCENTRATION 
SOLVENT QT 
YT = 0 
FIGURE 2 SCHEMATIC DIAGRAM OF EXTRACTION COLUMN 
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Since the composition of the organic phase does not change, both 
operating lines have a common "y" at the feed point. The stages are 
then stepped off in the manner as in the McCabe-Tliiele method. 
Compere and Ryland (I4,) used a similar treatment in their vrarlc. 
In multicom]?onent extraction, each component will have an x-y 
equilibrium diagram, and if the distribution of each component is 
independent of the other components, a trial-and-error solution can be 
used to detemine the relationship between stage reqiiirements, flow 
ratios, and separation. If the equilibritun line is straight, there is 
a simple mathematical relationship between the stage requirements, 
flow ratios, and separation. However, for the separation of hafnium 
and zirconium with tributyl phosphate, the equilibriim line is not 
straight and the distribution of zirconium is dependent on the hafnium 
concentration. 
A clearer concept of some of the problems encountered in the 
separation of hafnium and zirconium can be obtained by assuming 
straight equilibrium lines. Figure ^  illustrates these problems by 
the use of hypothetical eqxiilibrium lines for hafnium and zirconium. 
Zirconium is preferentially extracted into the solvent in such a manner 
that essentially hafnium-free zirconium leaves the extraction apparatus 
in the organic extract, v/hile the hafniton leaves in the aqueous 
raffinate. An aqueous scrub solution is introduced at the extract exit 
to remove any quantity of hafnium wliich has been transferred to the 
organic phase with the zirconium. Similarly, the organic solvent 
o 
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entering at the raffinate exit removes most of the airconium remaining 
in the aqueous phase, vrhich is progressing through the column toward 
the raffinate exit. It is desirable that the edrconium content in the 
extract be a maximuni and that the amount of zirconium scrubbed back 
into the aqueous in the scrub section be a minimum^  therefore, the 
operating line in the scrub section should intersect the zirconium 
equilibrium line, or "pinch in" stages. A stage is "pinched in" when 
the phases entering and leaving are so close to equilibrium that there 
is no net mass transfer. In the extraction section of the column, the 
airconium concentration in the raffinate should be a minimum to assure 
high zirconium recovery, and the stages in the extraction section 
should not be "pinched in" for zirconim. The extraction of hafnium 
may be rationalized in the same manner: the operating line in the 
scinib section should not "pinch in" stages for the hafnium, in order 
to reduce the concentration of the hafnium in the extract to a minimumj 
and the operating line in the extraction section should "pinch in" the 
stages for the hafnium to produce the maximum concentration of hafnium 
in the raffinate. There are the same number of equilibrium stages in 
each section of the column for each component. 
Two terms, the distribution coefficient, K, and the separation 
factor,^ , are useful in analyzing esqierimental data in liquid-liquid 
extraction. In any liquid-liquid system, where compound A is distributed 
between two immiscible or partially immiscible phases, the distribution 
coefficient is defined as 
K "  ^ phase I at equil. 
conc. of A in phase II at equil. 
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When the equj.libriuni data are plotted on an x-y diagram, K may be 
obtained from the ratio of the concentrations. If the eqirLlibrium 
line is straighti K will be constant and equal to the slope of the 
equilibrium line. If the equilibrium line is not straight, a plot of 
K versus the concentration in phase II gives an index to the change 
in the slope of the equilibritim line. 
The separation factor,^  , in a double solute system is defined as 
(conc« of aN 
5. of B/  ^a  ^cone, / phase I 
c^onc. of A N 
V conc. of B/phase II . 
The separation factor is an index of the purif3.cation obtained in the 
increment under consideration. The separation factor may be defined 
for a single stage or for a series of stages. If ^  is constant for 
each equilibrium stage, the purification obtained in n stages may be 
expressed as 
^  ^(r  ^
total V singled . 
In the extraction of hafnium and zirconium, ^  conveniently reduces to 
 ^ _ (Hf X loo/zr)^  ^
(HC X 100/2r)^ ^^ _ 
In fractional liq\iid-liquid extraction, it is important to consider 
both K and . It is desirable, with an aqueous feed, to have a 
large K, a high mass transfer from the aqueous phase to the organic 
phase, so a few stages are sufficient for high recovery. It is also 
desirable to have a large ^  , so the organic solvent is highly selective 
for the desired component, and a few stages are sufficient for high purity. 
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Investigation of Extraction Variables 
In the separation of hafnium and zirconium by liquid-liquid 
extraction, the following factors influenced the final choice of 
conditions to be used! the recovery and recycling of the nitric 
acid, the number of equilibritmi stages required to produce a given 
separation and recovery, the operational difficulties encountered in 
the extraction apparatus, and the recirculation of the organic solvent. 
To study the above-mentioned factors the nitric acid concentration and 
the per cent diluent in the organic solvent were varied and their 
effects on mass transfer, separation of hafnium and zirconium, settling 
time of the mixed phases, and solvent degradation were experimentally 
deteimined. 
The follomng chemicals were used in this investigation: 
Tributyl phosphate - Commercial Solvents Corporation 
Ohio-Apex Division, Food Machinery 
and Chemical Company 
Heptane, normal commercial - Phillips Chemical Company 
Skelly D - Skelly Oil Company 
Stoddard Solvent - Shell Oil Company . 
Settling time 
In a mixer-settler extraction apparatus the phases must separate 
in each stage and the capacity of the eqiiipment is generally determined 
by the settling time of the ta-io pliases. The settling time is a 
function of the difference in specific gravity, the interfacial tension. 
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and viscosity of the two phases. Since the specific gravity of the 
aqueous phase will be the same at a given time and position in the 
mixer-settler, the settling time for the two phases is related to the 
specific gravity of the organic solvent. The settling time of the 
various solvent mixtures was observed and timed by contacting a volume 
of solvent with an equal volume of aqueous zirconium nitrate solution 
in a separatory funnel. The phases were vigorously shaken and the 
time to form a clear interface was noted. It should be noted that the 
settling times are relative, since each organic voliome was contacted 
vjith an identical aqueous volume. The settling times observed and the 
physical characteristics of the solvent mixtures are tabulated in 
Table 6, The settling time is directly proportional to the percentage 
of tributyl phosphate in the mixture. The density of a 0.85 molar 
zirconium nitrate-5.0 normal nitric acid solution is 1.35* 
Solvent degradation 
An important criterion in the choice of conditions to use in 
extraction is the rapidity of solvent degradation. The effect of 
solvent degradation was reflected in the settling time of the two 
phases, and the solvent degradation may also decrease the selectivity 
and increase the stripping difficulties of the solvent. 
Solvent degradation was studied in two series of experiments. In 
the contact tests, various solvents were placed in continuous contact 
with nitric acid or zirconium nitrate solutions for 750 hours. The 
Table 6 
Physical Characteristics of Tributyl Phosphate Solvent I>Ii3ct\ires 
Settling time 
Q with Zr nitrate 
% Stoddard* Viscosity 26 C. Specific solvction. 
% TBP Solvent % SkeUy D centipoises Gravity 26° C, seconds 
100 li«08 0.975 63 
80 20 2.82 0.936 53 
60 iiO 2.21; 0,887 iil 
60 ItO 1.67 0.870 33 
UO 60 1.69 0.8145 29 
Uo 60 1.12 0.817 21 
100 1.10 0.762 
100 0.566 0.713 
*7ol'urae per cent. 
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pliases were mixed at specified times and the settling time was 
recorded. At the end of 750 hours, the solvent was water-stripped 
and recontacted with sirconium nitrate solutions and the settling 
time was noted and the two pliases were analyzed for total acidity and 
oxide concentration. 
In the second series of experiments, referred to as cycle experi­
ments, various solvent mixtures vrere repeatedly contacted with fresh 
nitric acid or zirconium nitrate solutions. Each cycle consisted of 
contacting the solvent vzith nitric acid or zirconium nitrate solution, 
mixing, recording the settling time, stripping the solvent with water, 
and analyzing the two phases for total acidity, oxide concentration, 
and hafnium-zirconium ratios. The follo;d.ng solutions were used in the 
solvent degradation tests; ij.,0 and 6,0 normal nitric acidj 
h'Of 5»0, and 6.0 normal nitric acid and 1.0 molar zirconium nitrate 
solutionsJ 5.0 noi'mal nitric acid and 0.5 molar zirconium nitrate 
solution; 100 per cent TBPj 80 per cent TBP-20 per cent heptane; 
60 per cent TBP-UO per cent heptane; 60 per cent TBP-1+0 per cent 
Stoddard Solvent; UO per cent TBP-60 per cent heptane; and I4.O per cent 
TBP-60 per cent Stoddard Solvent. 
When the solvents were in continuous contact with 6,0 normal nitric 
acid there was approximately a 30-per-cent increase in the settling 
time vxithin hours. With the solvents in continuous contact with 
ij.O normal nitric acid or zirconium nitrate solutions, there were no 
appreciable variations in settling times vathin 750 hours. Vhen the 
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solvents which had been in contact for 750 hovirs were strijjped and 
recontacted with zirconium nitrate, the settling tines xirere 
approximately the same for the OO per cent, 60 per cent, and UO per 
cent TBP, except for the UO per cent TBP-60 per cent heptane, for 
VJliich the settlajig • time was less. There was no difference in mass 
transfer or separation after 750 hoars. It was jjtipossible to water-
strip the 100 per cent TBP after it had been in contact with 6,0 normal 
nitric acid-1.0 molar zirconium nitrate solution for 750 hours. 
In the cycle exi^ eriments, all the solvents contacted with 
6.0 normal nitric acid-1,0 molar zirconi\im nitrate solutions were 
almost completely deteriorated after seven cycles. With 5*0 normal 
nitric acid-1.0 molar zirconium nitrate solutions there was detectable 
deterioration with 80 per cent and 60 per cent TBP after lU cycles. 
In the cycle experiments there was no detectable change in the mass 
transfer or in the separation of hafnium and zirconium. 
The cause of the degradation of the tributyl phosphate is 
believed to be the hydrolysis of the tributyl phosphate Tri.th nitric 
acid to mono- and dibutyl phosphates (19). The monobutyl phosphate is 
water-soluble, so it should be removed after each water strip. The 
dibutyl phosphate is soluble in basic solutions and thus can only be 
removed by a caustic regeneration. Both mono- and dibutyl phosphates 
tend to form emulsions. It is also probable tliat the silicon extracted 
into the solvent may not be i-emoved from the solvent by the water strip 
and accumulates and forms a complex vrhich tends to fonn emulsions and 
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cause slow settling. Tliis was substantiated by the cycle experiments, 
where the solvents in contact with nitri-c acid alone did not deteriorate 
as rapidly as the solvents in contact tdth the zirconium nitrate 
solutions. If the solvent were completely hydrolyzed to phosphoric 
acid, airconium phosphate, a very insoluble compound, would be formed 
upon contact with a zirconium solution. 
Mass transfer and separation 
The final choice of a system is dependent on the mass transfer 
and on the separation effected trith any one combination of variables. 
To effectively study tlie mass transfer and separation, nitric acid 
and per cent dj.luent in the solvent were varied in a series of sijc-
stage simulated coltmin runs. 
The simulated coliimn consisted of the operation of a number of 
separatory funnels, the flow of the liquids being of such a nature 
that the overall effect of the operation approached a true counter-
current extraction apparatus (see Figure 6). Voltimes corresponding to 
the flow ratios of the three streams were fed to the simulated colvimn. 
At the start up, feed, scrub, and solvent volumes xjere fed into the 
separatory funnel, 1-3 (see Figure 6). The i'unnel was shaken for 2 or 
3 minutes, sufficient for the phases to reach equilibrium. The phases 
were then permitted to settle. The aqueous phase was transferred to 
another separatory funnel, where it was contacted with fresh 
solvent. The organic phase from 1-3 progressed to another separatory 
•32-
ROWS 
in 
rz 
301 
IK 
M + 
6 5 4 3 2 
STAGE NUMBER 
S = SCRUB 
T = SOLVENT 
R = RAFFINATE 
E= EXTRACT 
F = FEED 
EACH INTERSECTION IS A SEPARATORY FUNNEL 
FIGURE 6 FLOW PATTERN FOR SIX-STAGE 
SIMULATED COLUMN RUN 
-33-
funnel, II-2, where It was contacted with scr*ub solution. The 
funnels were shaken and the phases permitted to settle. The phases 
then progressed to the next appropriate funnel. The aqueous stream 
always progressed on the diagonal to the left, while the organic 
phase progressed along the diagonal to the right. After row IV was 
reached, solvent was introduced into stage 6 onlyj feed, into stage 3j 
and scrub, into stage 1. Samples were taken after four solvent cycles 
or after 61). contacts with a six-stage unit. A solvent cycle was 
defined as the separatery funnels in the interval between rows IV and 
VIII, or a similar interval. The phases being transferred to row 
M + 1 x^ ere split in half volumewise, half the volume progressing to 
the separatory funnel in row M + 1 and the remaining half used for 
samples. The phases from row M + 1 were all \ised for samples. Both 
phases were analyzed for total acidity, oxide concentration, and 
hafnium-zirconium ratios (see Appendix A), The results gave equilibrium 
conditions which occurred in a countercurrent extraction column. In 
establishing an equilibrium line, the simulated column technique 
accounted for the effect of hafnium on the distribution of zirconium 
and provided an accurate determination of the separation obtained in 
six theoretical stages. 
In all simulated column runs the solvent was acidified prior to 
introduction into the column. The solvent was acidified by contacting 
the solvent with a nitric acid solution of such a nature that when the 
solvent and nitric acid solution were at equilibrium, tlie acid 
-3k' 
normality of the aqueous phase would be the same as the acid 
normality of the zirconium nitrate solution to be used as a feed 
solution. When acidified solvent was used, there was only a small 
amount of acid transfer in the coluranj the major components being 
transferred were hafnium and zirconium. The diluent used in these 
studies was Stoddard Solvent. 
Zirconium nitrate feed solution prepared from zirconyl cliloride 
octahydrate was used in all simulated column runs. The residual 
chloride concentration of the feed was approximately 1,8 x 10""-^  molar. 
The zirconium concentration in the feed solution was 1,0 molar. The 
nitric acid in the feed and scrub solutions was varied. The nitric 
acid concentration in the feed and the scrub solutions was identical 
in all cases. 
The following volumes ^ e^re used in the simulated column runs: 
35 cc, zirconium nitrate feed 
i>0 cc. nitric acid scrub 
100 cc. acidified TBP solvent mixture. 
The feed was introduced into stage 3 (see Figure 6). 
Table 7 tabulates the results of the six-stage simulated column 
runs. Figures 7 and 8 are plots of the mass transfer data. For clarity, 
only the points of the feed stage and the extraction section are 
plotted in the figures. Tables 6 and 9 summarize the recovery and 
separation obtained in each of the simulated column runs. 
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Table 7 
Results of Six-stage Simulated Column Runs 
FeedJSolvent:Scrub ® 0.35!l»0;0.50 
Hf X lOO/Zr = 2.3 in feed 
Organic Aqueous 
Stage gm. oxide/l.  ^x 100 gra, oxide/l,  ^x 100 
lOOjg TBP, 5.0 N HNO^  
1 37.0 
J 
0.69 8.25 8Ji 
2 la.o 1.2 10.1 19. 
3 U2.7 3.0 20.8 27. 
h 12.8 3k, 10.8 1;7. 
5 3.15 220. 8.65 23. 
6 1.53 360. 7*65 10» 
805^  TBP-20^  Stoddard Solvent, 5.0 N HNO^  
1 37.6 0.027 18.6 0.12 
2 UO.l; 0.0U7 27.2 0.68 
3 U8.2 0.16 51.3 2.7 
h 38..0 0.26 3ii.7 U.7 
$ 23.5 1.2 17.2 13. 
6 7.9U 7.8 7.35 20. 
605s TBP-UO^  Stoddard Solvent, 5.0 N 
1 20.3 0.039 15.7 O.2U 
2 32.6 0,033 32.0 0.35 
3 I4O.9 0.15 65.6 1.9 
h 35.3 0.18 61.1 2.0 
5 30.2 0.12 1;8.5 2.7 
6 19.U 0.1t7 25.1i 5.U 
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Table 7 (continued) 
Organic Aqueous 
Stage gm. oxide/l. ~ x 100 gm« oxide/l» i]£ x 100 
UO^  TBP-6056 Stoddard Solvent, 5.0 N UNO^  
1 7»56 O.OU8 10.5 0.12 
2 12.5 0.027 29.0 0.21 
3 20.1 0.20 614.0 1.8 
U 21.7 0,067 61.6 1.9 
5 19.9 0.28 5U.5 2.9 
6 13.3 0.25 la.3 3.1 
60^  TBP-1|0^  Stoddard Solvent, 6.0 N MO^  
1 33.9 .0.012 16.5 0.15 
2 la.o 0.03U 30.9 0.60 
3 Ii9.8 0.17 56.5 2,h 
h 38.0 0.52 37.7 5.3 
5 25.1 2.0 15.U 17. 
6 9.50 7.1 7.U7 22. 
60^  TBP-UO^  Stoddard Solvent, U.O N HNO^  
1 12.2 0,011 111.? O.OI16 
2 20.2 0.055 31.7 0.22 
3 29-i; 0,16 73.1 1.9 
23.1i 0.15 66.8 2.0 
5 21^ .1 0.20 55.i+ 2.2 
6 IU.6 0.36 Ul.U 3.5 
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Table 8 
Mass Transfer and Separation in Six-stage Simulated Coluflin Rims, 
Variation of Nitric Acid 
FeedtSolvent:Scrub " 0.35!l«0:0.5 
Solvent: 60^  TBP-iiO^ j Stoddard Solvent, acidified 
Extract Raffinate Separation 
/Hf \ 
% Total ( zr ^  100/raff. 
N HNO- Hf Iff „ oxide in /'SLx lOO) 
in feed gra. oxide/l, Zr ^  gm. oxide/l. Zr ^  extract  ^Zr J ext» 
6 33.9 0,012 7.U7 22. 8I4.2 1630 
5 20.3 0.039 25.it 5.1t U6.7 139 
I4 12.2 0.011 ia.k 3.5 25.7 318 
Table 9 
Mass Transfer and Separation in Six-stage Simulated Column Runs, 
Variation of Per Cent Tributyl Phosphate 
Feed;Solvent:Scrub = 0,35sl»0:0,50 
Feed!  ^N HNO^ -l.O M zirconium nitrate solution 
Extract Raffinate Separation 
% TBP gm. oxide/l. P X 100 Zr gm, oxide/l. 
T^ x 100 Zr 
 ^Total 
oxide in 
extract 
X lOo) i^r r^aff, 
C^ xlOO^  
 ^Zr ext. 
100 37.0 0.69 7.65 10. 85.0 lli.5 
80 yi,s 0.027 7.35 20, 86,0 7hO. 
60 20.3 0,039 25.1+ 5.U it8,7 139. 
liO 7.56 0,0li8 ia.3 3.1 17.7 6it.5 
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Diatributlon of hafnl-om and airconlum 
To obtain a clearer understanding of the data from the simulated 
column runs and to aid in the jjrediction of performance of the 
extraction equipment, a studj"- was made of the effect of hafnium on 
the distribution of airconium nitrate in a 5*0 normal nitric acid 
solution vjith 60 per cent TBP-UO per cent heptane solvent. In obtain­
ing the effect of hafnium on the distribution of zirconium, data were 
also obtained on the distribution of hafni\m and on the effect of 
zirconium on the distribution of hafnium. 
Solutions mth various hafnium-zirconium ratios, ranging from 
Hf X lOO/Zr ® 0,008 to Hf x lOO/Zr • 2U00, were contacted with 
acidified solvent and the two equilibrium phases were analyzed for 
total acidity, oxide concentration, and hafnium-zirconium ratio. Each 
point on the oxide equilibrium line was obtained from a single equili­
brium contact. From the oxide concentration and the hafnium-
zirconium ratio, the concentrations of hafnium and zirconium were 
calculated. The distribution coefficient, K, and the separation 
factor, ^  , were calculated from the equilibrium data (see sample 
calculation in Appendix B). 
The results of the study of the distribution of hafnium and 
zirconium are tabulated in Table 10 and varioAis data are plotted in 
Figures 10, 11, 12, 13, and lit. In Table 10, no spectrographic 
analyses were obtained for the oxides from the contacts vd.th feed in 
Table 10 
Equilibrium Contacts v;ith Varying liafnitun-airconium Ratios in the Fei 
Solvent; 60?3 TBP-40^  heptane, acidified 
Feed: 5 N IltlO^ -zirconiuro-hafnium nitrate 
Organic Aqueous 
gm, oxide/l. ~ x 100 gm, Zr/l, fjin, Hf/l, gm. oxide/l.  ^x 100 giu. Zr/l. 
Zr  ^
P- X 100 = 0.008 in feed 
49.9 37. 78.6 58. 
32.7 24. 49.8 37. 
21.3 16. 19.9 15. 
9.38 7.0 4.06 3.0 
5.47 4.1 2.20 1.6 
 ^X 100 = 2.5 in feed 
<5r 
50.0 0.42 37. 0.16 97.3 3.5 70. 
37.8 0.36 28. 0.10 69.8 3.3 50. 
28.9 0.34 21. 0.08 46.1 3.6 33. 
20.6 0.37 15. 0.06 24-.2 5.2 17. 
17.0 0.47 13. 0.06 15.7 6.0 11. 
11.0 0.47 8.1 0.04 6.10 7.9 3.9 
8.25 0.47 6.1 0.03 2.87 8.7 2.0 
 ^X 100 = no in feed 
23.1 22. 14. 3.1 62.1 180. 18. 
13.8 21. 8.7 1.8 27.9 210 . 7.4 
5.84 19 . 3.7 0.72 9.58 270 . 2.1 
3.81 25. 2.3 0.59 4.77 170. 1.4 
pi X 100 = 250 in feed 
Zr 
17.8 SA. 7.4 6.4 54.7 580 . 6.7 
9.52 84. 4.1 3.4 29.7 730. 3.0 
3.69 80. 1.6 1.3 10.8 740. 1.2 
1.87 84. 0.80 0.67 5.14 870 . 0.44 
 ^X 100 = 2400 in feed 
21.0 700. 2.1 15. 75.0 8800. 0.74 
6.60 610. 0.80 4.9 30.7 5100. 0.52 
2.89 590. 0.35 2.1 10.3 6300. 0.15 
1.92 . 590. 0.23 1.4 6.75 4900. 0^ 11 

Table 10 
v;ith Varying llaf niura-airconiuiu Ratios in the Feed Solutions 
vent; 60^  TBP-4-0^  heptane, acidified 
d: 5 N IIKO^ -airconiuia-hai'niuni nitrate 
Aoxieous 
Hf/l, gra. oxide/l,  ^x 100 gm. Zr/l. cm. lif/l, ^^ Zr  ^
K 
Zr 
X 100 = 0,008 in feed 
78.6 
A9.8 
19.9 
4..06 
2.20 
P- X 100 = 2.5 in feed 
Zr 
Zr 
Hf 
Zr 
Zr 
5S. 
37. 
15. 
3.0 
1.6 
0.64 
0.66 
1.1 
2.3 
2.5 
97.3 3.5 70. 2.4 0.55 0.07 8.3 
69.8 3.3 50. 1.7 0.56 0.06 9.2 
46.1 3.6 33. 1.3 0.64 0.06 11. 
24.2 5.2 17. 0.89 0.88 0.07 u. 
15.7 6.0 11. 0.66 1.2 0.09 13. 
6.10 7.9 3.9 0.33 2.1 0.13 17. 
2.87 8.7 2.0 0.17 3.1 0.15 19. 
100 = 110 in feed 
62.1 180. 18. 32. 0.82 0.10 8.2 
27.9 210. 7.4 15. 1.2 0.12 10. 
9.58 270. 2.1 5.7 1.8 0.12 U. 
4.77 170. 1.4 2.4 1.7 0.24 6*B 
100 = 250 in feed 
54.7 580. 6.7 39. 1.1 0.17 7.0 
29.7 730. 3.0 22. 1.3 0.16 8.7 
10.8 740. 1.2 7.9 1.4 0.16 9.3 
5.U 870. 0.44 3.9 1.8 0.17 10. 
H
 
O
 
O
 
tl o
 
o
 
in feed 
75.0 8800. 0.74 63. 2.9 0.25 13. 
30.7 5100. 0.52 25. 1.5 0.19 8.4 
10.3 6300. 0.15 8.6 2.3 0.24 11. 
6.75 4900. 0*11 5.6 2.1 0.25 8.3 
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whioh I-If X lOO/Zr equals 0.008, Therefore, no information on the 
separation or distribution of hafnium is available. The hafhi-um con­
centration was veiy low in these contacts. From Figures ? and 10 it 
can be seen that hsifnium lowers the equilibrium line of the oxide 
and zirconium. Similarly, zirconium lovrers the equilibrium line of 
hafnium (see Figure 11). From Figures 12 and lit, it may be concluded 
that dilute aqueous solutions of zirconium vrould be advantageous 
because of the higher distribution coefficient and separation factor. 
It should also be noted that as the hafnium increases, as near the 
raffinate exit, the mass transfer and separation decrease. 
Extraction from a chloride-nitrate solution 
Zirconium nitrate solutions may be prepared from zirconyl 
chloride octahydratej therefore, the effect of chloride ion on mass 
transfer and separation was determined. From these data, estimations 
of extraction could be made if the chloride were not completely 
removed from the zirconium hjrdroxide. In tliis study the aqueous feed 
solution V7as made 2.0 molar chloride by the addition of hydrochloric 
acid to a zirconium nitrate solution. The 2.0 molar solution was the 
extreme and represented a 1.0 molar zirconium solution prepared 1?y 
dissolving zirconyl chloride octaliydrate in nitric acid. The free 
acidity of the feed solution was then made 5-0 normal by the addition 
of nitric acid. The zirconium concentration in the feed solution was 
varied. The feed solutions were contacted with an equal voliime of 
acidified solvent, 60 per cent TBP-I4.O per cent heptane. Since some of 
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the chloride ion was extracted into the organic phase (3)» it was 
important that equal volumes of the aqueous and organic pliases be 
used, so that the data would be comparable. The pliases after contact­
ing were analyzed for total acidity, oxide concentration, and hafnium-
zirconium ratios. The results of the study are tabulated in Table 11 
and are plotted in Figure 15. In Figure 15, the data for zero chloride 
were talcen from Table 10, Hf x lOO/Zr = 2»5 in the feed. 
Table 11 
Effect of Cliloride Ion on Mass Transfer and Separation 
+ «• 
Feed; 5»0 N H -2.0 M 01 -Zr nitrate solution 
Solvent: 60$ TBP-UOJo heptane, acidified 
Organic Aqueous 
gm. oxide/l» ~ x 100 gm. oxide/l, ~ x 100  ^
57.1; 0.U9 71.6 5.U 11.0 
U.? 0.16 50.0 6.5 liO.6 
37.1; 0.15 27.U 6.9 146.0 
2I4.2 0,2U 11.6 10,0 I4I.6 
Extraction from sulfate-nitrate solution 
Knowledge of the effect of sulfate on mass transfer and separation 
was also desirable, since zirconium nitrate was prepared from hydroxide 
precipitated fxwm a zirconium sulfate solution. Samples of the solids 
from the washing of the sulfate from the hydroxide (see page 13) were 
dissolved in nitric acid and then the solution was analyzed for the 
sulfate ion. The free acid of the solution was adjusted to 5.0 normal. 
A volume of the solution was contacted with varying volumes of acidified 
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60 per cent TBP-J|0 per cent heptane solvent. It was found that the 
sulfate ion did not transfer into the solvent. Hence, to have a 
constant sulfate concentration in the equilibidum aqueous phase for 
all points, an identical volume of feed was contacted with varying 
volumes of solvent to obtain the equilibrium line. The results of the 
study are tabulated in Table 12 and plotted in Figure l6. In Figure l6, 
the data for the zero sulfate curve were taken from Table 10, 
lif X 100/Zr " 2.s; in the feed. 
Continuous Extraction Runs 
Two continuous extraction runs were made on a mixer-settler 
constructed from 2-inch test tubes. Fourteen stages were used in the 
extraction unit to separate the zirconium and the hafnium and five 
stages were used in the stripping unit to remove the zirconium from 
the organic extract. The solvent (60 per cent TBP-i».0 per cent heptane) 
was recirculated to the extraction unit after the removal of the 
zirconium. Zirconium with less than 100 parts per million of hafnim 
was produced in both runs with a zirconium recovery greater than 96 per 
cent. In run A, the zirconium nitrate feed solution was prepared from 
a zirconium sulfate solution and in run B, the nitrate feed solution 
was prepared from zirconyl chloride octahydrate. 
The apparatus used for the countereurrent extraction studies was 
constructed from standard 2-inch glass test tubes. Inlets and outlets 
of 7-inilliraBter glass tubing were placed 2 inches from the top of the 
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Table 12 
Effect of Sulfate on Mass Transfer and Separation 
Feed: 5 N HNO^ -Zr solution 
Solvent: 60^  TBP=UO^  heptane, acidified 
Organic Aqueous 
gm» oxide/l»  ^^ 100  ^x 100 -3 
1.21 M SOj^  in feed 
13.0 97.1* 
10,0 95.5 
l.hS 88,8 
7.00 0.91 83.0 2.6 2.9 
0.23 H SOj^  in feed 
35.0 0.32 82.3 3.5 10,9 
28.3 60.9 
2U.2 0.U9 50.2 5.9 12.0 
19.0 0.68 38.6 7.5 11.0 
0.16 M SOj^  in feed 
37.7 0.35 82.7 3.1+ 9.7 
27.3 0.61 62.0 5.1 6.U 
23.9 U6.9 6.1; 
20.2 0.61 38.0 8.2 13.U 
SULFATE ION IN FEED 
50 
• 0.23M so; 
O 40 
o 0. ooM so; 
#i.x 100= 2.5 IN FEED 
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FIGURE 16 EFFECT OF SULFATE ION ON MASS TRANSFER OF HAFNIUM-
ZIRCONIUM OXIDE 
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test tube and 9 inches and inches from the top on the opposite 
side of the test tube. One stage consisted of two test tubes, one 
being a mixer and the other, a settler. Each mixer tube had a glass 
turbine stirrer operated by a Palo laboratory stirrer motor id-th a 
rheostat control. 
The mixer and settler tubes were arranged so that the organic 
solvent and aqueous streams moved co-current in each stage and counter-
current through the overall apparatus. Figure 17 is a schematic 
diagram of the flow pattern. Considering the mixer tube of stage (n), 
the organic solvent from stage (n + l) and tJae aqueous from stage 
(n - l) were continuously fed into the top and the bottom of the mixer 
tube, respectively. The stirrer thorouglily mixed the phases and dis­
charged the mixture at the center of the mixer tube to the center of 
the settler tube in which the mixed phases separated. , The lighter 
organic phase flowed from the top of the settler in stage (n) to the 
top of the mixer of stage (n - l). The aqueous flowed from the 
bottom of the settler in stage (n) to the bottom of the mixer in 
stage (n + l). Although the flow of the phases was principally by 
gravity and by density difference, a large measure of interface control 
was achieved by adjustment of the agitator speeds. Since the stirrer 
blades acted to some extent as a centrifugal pump, the interface in 
the settler of stage (n - l) could be lowered by increasing the speed 
of the stirrer in the mixer of stage (n), which caused more aqueous 
phase to be pumped into stage (n). The level in the settler at the 
MIXER MIXER MIXER 
SETTLER SETTLER SETTLER 
SOLVENT SOLVENT 
AQUEOUS 
AQUEOUS 
STAGE (n+I) STAGE (n) STAGE (n-l) 
FIGURE 17 ARRANGEMENT OF STAGES IN COUNTERCURRENT 
EXTRACTION OPERATION 
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raffinate exit was controlled by a flexible leg in the raffinate line. 
The interface in each settler was controlled so only clear phases 
passed out of the settler outlets, but no attempt was made to maintain 
the interface exactly in the center of the tube. The zirconium feed 
solution was introduced at the top of the mixer in the feed stage. 
Connecting lines betvreen stages were constructed of Tygon tubing. 
The entire apparatus was mounted by laboratory clamps on a framework 
constructed of one-half-inch steel rod. The solutions were stored in 
$5-gallon stainless steel drums and all streams were metered into the 
extraction apparatus -Uirough Lapp Pulsifeeder pumps. Model CBS-1. 
Prior to each continuous run, a simulated column was operated with 
the identical feed to that used in the continuous run. From the oxide 
equilibrium data obtained from the simulated run, flow ratios and 
stage requirements for a given recovery and separation were determined 
by trial and error by use of the modified McCabe-Thiele method. The 
separation was estimated by the foUovjing equation, derived from a 
hafnium oxide material balance, assuming that no hafnim oxide leaves 
in the extract and that the ratio Hf x lOO/Zr equals 2.3 in the feed. 
The per cent refers to the per cent of the oxide in the raffinate. 
 ^HfO, in rarr. -  ^
where raff. "• raffinate 
Qg = volume of scrub/unit time 
" volxime of feed/vinit time . 
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The nimiber of scrub stages required was estimated from the 
simulated column run. The stripping unit was operated in such a 
manner that the distilled water removed all the zirconium but not 
all the nitric acid from the solvent. The acid remaining in the 
solvent uas not so great as the acid in the acidified solvent used in 
the simulated column runs. To compensate for the use of less acidi­
fied solvent, three stages, additional to those estimated the 
modified McCabe-Thiele method, were used in the extraction section. 
Continuous run A 
Continuous run A was made with a zirconium nitrate solution pre­
pared from a zirconium sulfate solution, as outlined on page 13. 
Prior to operation of the continuous extraction apparatus, an eight-
stage simulated column run, run I, was made id-th zirconium nitrate 
feed identical with ttiat used in the continuous run. The sulfate 
concentration in the feed was 0.16 molar. The results of run I are 
tabulated in Table 13 and plotted in Figure 1(3. 
Figure 18 shows experimental data confirming that the stages and 
operating lines may be represented as in the modified McCabe-Thiele 
method. The oxide equilibrium points were plotted first and the best 
curve was drax^ n tlarough the points from the scrub section and a second 
curve was drawn through the points from the extraction section. Two 
curves were obtained because the liafnium-zirconiuui ratios were low in 
the scrub section, and in the extraction section the hafnium-zirconium 
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Table 13 
Results of Simulated Column Run I 
8 stages, feed to stage 1+ 
FeedjScrubtSolvent ® 1.0:l,l8;li,85 
Feed: 1,0 M Zr-5.09 N HK0--0,l6 M SO, , 
Hf  ^  ^
fp X 100 » 2,k 
Scrub: 5.02 N HNO^  
Solvent: 6055 TBP-i^ Ojg heptane, 1.82 N HNO^  
Organic Aqueous 
Stage gm. oxide/l. N HNO^  ^  x 100 gm. oxide/l. N HNO^   ^x 100 
1 2U.0 1.90 0.012 22.5 5.09 < 0.010 
2 26.7 1.97 0.010 32.1 5.1U 0.11 
3 30.8 1.92 0.028 36.5 5.25 0.68 
h 31.0 1.95 0.022 53.3 5.13 2.2 
5 22,k 1.9U 0.22 37.7 U.99 h»i 
6 lU.2 1.87 0.26 23.6 5.10 8.8 
7 10.0 1.85 1.0 13.1 5.00 22. 
8 6.32 1.80 14.2 5.80 5.06 3U. 
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ratios were increasing. Two separate equilibrium curves would 
also be predicted from Figure 
Horizontal and vertical lines were then drawn from each point, 
to duplicate the steps of the McCabe-Thiele method. The best 
straight line V7as then drawn through the intersection of the 
horizontal and vertical lines. The slopes of these straight lines, 
the operating lines, agreed quite well with the flow ratios used in 
the simulated column run. 
For the calculation of the flow ratios and the number of stages 
required in the continuous run, an oxide concentration of 2^  grams 
per liter of raffinate was arbitrarily chosen, as was a feed concen­
tration of 123 grams of oxide per liter, or 1.0 molar zirconium. 
From the simulated col\imn run I, it was decided to use four stages in 
the scrub section. A trial-and-error graphical solution was then 
made, as shown in Figure 19. The operating lines were constructed and 
the stages stepped off, beginnajig at the axes. This procedure was 
repeated for various operating lines until the horizontal line from 
stage li to stage 5 coincided for both sections of the column. The 
number of steps was equal to the number of equilibrium stages required 
and the slope of the operating lines gave the required flow ratios. 
From Figure 19 the slope of the operating line in the scrub section is 
Qo 
TT " . 
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The slope of the operating line in the extraction section is 
From the above equations, the follordjig flow rates were used in nin A: 
Qp " 1.00 l./hr. 
Qg " 1.18 l./hr. 
Qj " 5.00 l./hr. 
Equation A predicted kh*$ per cent hafnium oxide in the raffinate. The 
total throughput was 7.18 liters per hour. Distilled water, 1.62 liter 
per hour, was used to strip the solvent (15). 
At the beginning of the run, the extraction xinit was filled with 
5.0 normal nitric acid scrub solution and acidified solvent, and the 
stripping unit was filled with distilled water and unacidified solvent. 
The stirrers were started and the four pumps began metering the liquids 
to the unit. Samples of the end streams were taken at regular 
intervals and the flow rates of the incoming and outgoing streams were 
checked. The unit reached steady state after approximately 18 hours' 
operation. The run continued until 2h hours had elapsed. The solvent 
in rian A was recirculated a total of six times, and no detectable 
degradation was observed. 
Operational difficulties were encountered in stages 9 tlirough 12, 
where fuzzy interfaces developed in the settlers. These interfaces, 
bands of stable emulsion, grew to be about U inches in height after 
6 hours' operation and thereafter the height of the band fluctuated 
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about 20 per cent. The formation of the emulsion appeared to be 
dependent on the speed of agitation in the mixer. At no time, however, 
did the formation of the emulsion make operation of the equipment 
impossible. Clear aqueous and organic phases left the settlers where 
the emulsion occurred. 
An aqiieous zirconium product stream, 76.I4 grams oxide per liter, 
3.96 normal nitric acid, was produced. The zirconium oxide in the 
product contained less than 100 ppm. hafnium. The raffinate stream 
contained 3.5 grams oxide per liter, Hf x lOO/Zr " 78 (U3«8 per cent Hf 
or 140,6 per cent HfOg) and 2,6$ normal nitric acid. A schematic 
diagram of run A is presented in Figure 20. The analyses of the oxides 
in the feed, raffinate, and aqueous pioduct streams for minor elements 
are presented in Table ll|. 
At the end of 2I4 hours, the lines connecting the stages were 
clamped shut and the mixers were allowed to stir fj minutes longer. The 
stirrers were stopped and the phases were permitted to settle. Samples 
were taken of the two phases in each stage and analyzed for total 
acidity, oxide concentration, and Hf x lOO/Zr. The results of the 
stage>7ise analyses are tabulated in Table 1$, 
Continuous run B 
Continuous run B was made in the same manner as run A. A five-
stage simulated column run, run II, was made on a zirconium nitrate 
solution prepared from airconyl chloride octaiiydrate as outlined on 
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Table Hi 
Analyses of Minor Elements in Oxides, Run A 
Element Feed Raffinate Aqueous Product 
A1 p-lOOO 1^000 
o
 
V 
Ga >500 >1000 17 
Or 
o
 
V 
- <30 
Cu 3U - 10 
Fe 980 5- 2000 100 
lif 2.h% h3.Q% < 100 
Mg ^ 500 ::-500 5 
Wi 
O
 
H
 V >600 < 10 
Si 265 > 600 < 50 
Ti V Vn
 CO
 
o
 
>1000 27 
E^xpressed as ppm./ZrO^ , except where noted. 
Sta^  
1 
2 
3 
k 
5 
6 
7 
6 
9 
10 
11 
12 
13 
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Table 1^  
Stagewise Analyses of Run A 
Organic Aqueous 
oxide/l. N HMO^  fx 100 gm. oxide/l. N IINO^  
22.2 1.95 < 0.010 17.5 5.21 
2^ .3 2.02 < 0.010 27.5 5.30 
31.1; 2.03 <0.010 33.5 5.I46 
31.8 2.03 0.0^ 3 3k.9 5.ii6 
32.2 2.03 0.11 52.8 5.15 
21.1 1.99 0.60 30.8 5.15 
13.7 1.93 0.27 19.9 5.05 
7.66 1.89 1.9 11.6 U.97 
U.lii 1.86 U.8 8.06 Ii.97 
1.98 1.83 10. 5.32 U.75 
1.03 1.77 23. 3.71 ii.52 
0.66 1.68 32. 3.1ii I1.12 
0.U6 1.50 U2. 2.99 3.H9 
0.29 1.18 26. 3.5U 2.56 
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page 11. The residual chloride concentration in the nitrate solution 
was approximately 0.0018 molar. The results of run II are tabulated 
in Table l6 and plotted in Figure 21. 
Table l6 
Results of Simulated Colvunn Run II 
5 stages, feed to stage 3 
Feed:Scrub;Solvent " 1.0:1.0:3.0 
Feed: 1.1 M Zr-U.88 N HNO^  
Scrub: 5.56 N liNO^  
Solvent: 60^  TBP-UO^  Skelly D-1.95 N HNO^  
Organic Aqueous 
stage gm. oxide/l. N HNO^  X 100 
Zr 
gm. oxide/l. N HNO^  M X 100 
Zr 
1 21.2 2.02 0.093 27.0 0.11 
2 31.9 0,06l I;6.5 0.33 
3 3U.0 0.23 86.1 5.37 2.0 
h 32.U 0.2U 66.2 2.5 
5 20.6 0.38 35.7 5.2U 5.2 
A trial-and-error graphical solution the modified McCabe-Tliiele 
gave the following flow ratios for a lU-stage unit (11 stages, plus three 
to acidify the solvent) Xidth feed to stage 1).: 
Op - 1.00 
Qg - 1.80 
Qip ° 5.5o • 
GRAMS OXIDE/LITER AQUEOUS 
FIGURE 21 OXIDE EQUILIBRIUM LINE FROM SIMULATED COLUMN 
RUN IE 
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The total throughput was 7,3$ liters per hour. Distilled water, 
1,60 liters per hour, was used in the stripping unit. 
The extraction unit was operated in the same manner as in run A, 
Steady state was reached after approximately 18 hours. The run was 
continued for a total of 2U hours. No operational difficulties were 
encountered as in run A. 
An aqueous zirconim product stream, 6k»$ grams oxide per liter, 
h*0$ normal nitric acid, was produced. The zirconium oxide in.the 
product contained less than 75 ppm. hafnivm. The raffinate stream 
contained 1,6 grams oxide per liter, Hf x lOO/Zr " 3U0, (77,3 per cent 
hafnium), and 2.65 normal nitric acid. The analyses of the oxides in 
the feed, aqueous product, and raffinate streams for minor elements 
are tabulated in Table 17, 
As in run A, at the end of 2k hours the stages were isolated and 
equilibrixan was attained in each mixer. The results of the stagewise 
analyses are tabulated in Table 18, 
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Table 17 
Analyses* of Minor Elements in Oxides, Run B 
Element Feed Raffinate Aqueous Product 
A1 620 -
o
 
V 
Ca --1000 0,1-0,2^  V vn
 
o
 
o
 
Or 
o
 
V
 
-
< 30 
Cu UO - 10 
Fe 1100 > 3000 < 100 
Hf 2,h% 71,3% < 70 
Mg > 600 03 
Ni < 10 «• lU 
Si p. 700 :> 700 330 
Ti 020 - 20 
E^xpressed as ppin/Zr02 except where noted. 
1 
2 
3 
6 
7 
8 
9 
10 
11 
12 
13 
li+ 
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Table 18 
Stagewise Analyses of Run B 
Organic Aqueous 
gm. oxide/l, N M0~ ~ x 100 gm. oxide/l. N HNO, ~ x 100 
> iiT w LX 
20,U 1.93 0.020 19.0 5.20 0.027 
2U.8 1.97 0.053 30.8 5.26 0.061 
30.7 1.95 0.028 38.9 5.32 0.30 
31.7 1.98 0.090 55.5 5.18 2.1 
2^ .1 1.92 0.21 Ul.8 5.08 2.6 
15.7 1.91 0.36 25.8 5.0U 5.1i 
9.92 1.87 l.U 11.7 5.00 15. 
3.95 1.83 8.2 7.U6 ii.88 33. 
1.93 1.80 -~liO. 3.22 U.86 160. 
0.96 1.79 ~60, 2.32 U.81 620. 
0.99 1.77 •~oo. 1.9k li.60 1100. 
0.57 1.72 -'190. 2.26 U.27 810. 
0.55 1.52 -70. 2.00 3.65 510, 
0.67 1.23 ~ 30. 1.95 2.65 3I4O. 
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DISCUSSION 
Zirconium nitrate was prepared from aircon sand by reacting the 
sand with caustic soda, leaching out the water-soluble silicates, 
removing the insoluble silicon from the airconlmn, and separating, 
if necessary, the acid ions other ttian the nitrate. The reaction 
product of zircon sand and caustic soda was leached to remove the 
water-soluble constituents. All of the silicates in the fusion mass 
were not water-solublej the insoluble silicates were presumed to be 
a sodium silicozirconate. The zirconium remained in the leached 
fusion mass and was rendered soluble by the use of one of the strong 
inorganic acids, sulfuric, hydrochloric, or nitric. The silica can be 
removed from zirconyl chloride octaliydrate by several reciystalliza-
tions. The strong dehydrating povjer of sulfuric acid converted the 
silicon in the leached fusion mass to insoluble silicon dioxide rather 
than silicic acid. No recrystallizations were necessary to remove the 
silica in zirconium sulfate solutions. The silica may also be removed 
ly evaporating the reaction product of the leached fusion mass and 
nitric acid to dryness and dissolving the dried solids in dilute 
nitric acid. Zirconim nitrate was prepared from airconyl chloride 
solutions or zirconium sulfate solutions by precipitating the zirconium 
as the hydroxide, washing out the acid ions with water, and then 
dissolving the washed hydroxide in nitric acid. 
Of the three methods to prepare the nitrate, the dissolution of 
the leached fusion mass in sulfuric acid was recommended to prepare 
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the nitrate feed for the extraction apparatus. The use of zirconyl 
chloride required several recrystallizations, and the evaporation to 
dryness of the leached fusion mass and nitric acid produced a solution 
which presented operational difficulties in the extraction apparatus. 
The silicon analysis of the feed solution was used as an index of 
the probability that the feed xrould cause operational difficulties 
when introduced to the extraction apparatus. If a feed solution 'vri.th 
a high silicon content (in the range of 10,000 ppm. Si/zrOg) were 
contacted >ri.th acidified solvent in a separatory funnel, the phases 
would usually separate after the first shalcing, but after the fourth 
shalcing (at one-half hour intervals) the phases would not separate 
and a thixotropic mixture was formed in the separately funnel. If a 
similar feed mth a greater amount of silicon neve contacted, the 
thixotropic mixtui-e v:ould form after the first shalcing, while a feed 
with less silica woixld not form the thixotropic mixture after 30 shalc-
ings. The separatory funnel shaking was used to evaluate the feed 
solutions in this investigation. If the feed solution fomed a 
thixotropic mixture in separatory funnel, the feed solution woxild fonn 
a similar thixotropic mixture in the mixer-settler, making comter-
current operation impossible. 
The cause of the formation of the thixotropic mixture has not been 
definitely shown to be silicon. It was impossible to duplicate the 
thixotropic mixture witVi a synthetic solution, where sodium silicate 
was added to a low silicon zirconium nitrate solution. The failure of 
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the synthetic solution to duplicate the tliixotropic mixture could 
be due to the silica not being in the identical molecular specie as 
in the high silicon feed solution. Continuous nin A was the last run 
to be made in th3.s investigation, and all extraction knowledge gained 
to date was used to raaJce it operate without interruption. The silicon 
analysis of the feed (see Table li;) was 265 ppm. (ppm« Si/Zr02)» No 
operational cU.fficulties were expected in run A, yet a band of stable 
emulsion was formed in stages 9 through 12. The emulsion that 
occurred did not hamper operation to the extent that operation had 
to be halted. It was believed that the emulsion was a dilute thixo-
tropic mixture. The only conclusion to be made is that although the 
silicon analysis is a suitable index for the probability that a feed 
solution will cause operational difficulties in the extraction 
apparatus, the index is not exact or dependable in the low silicon 
range in the feed solution prepared from the leached fusion mass. It 
is recommended that a study be made of the cause of the formation of 
the thixotropic mass. 
Throughout the investigation two terms, oxide concentration and 
nitric acid concentration, are used. The aqueous chemistry of 
zirconium and hafnium is quite complex and knowledge of the exact 
molecular species in solution is scanty, particularly of the nitrate. 
To assure reproducible solutions, the concentrations of zirconium-
hafnium and nj.tric acid were reported at all times in the same manner. 
Tlie zirconim-hafniura was reported as the oxide weight per unit 
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volume (see Appendix A) and no definite composition in solution was 
assigned. The nitric acid concentration was determined from total 
acidity and from the oxide concentration. A sample of the solution 
was titrated to a phenolphthalein end point with standard sodium 
hydroxide solution. At the end point the hafnium and zirconium in 
solution had precipitated and the nitric acid neutralized. The result 
of the titration was termed the total acidity. The molarity of the 
hafnium-zirconium oxide was determined by dividing the oxide concen­
tration per liter by the average molecular weight of the oxide (as 
determined from the i-lf x lOO/Zr ratio). It was then assumed that tlie 
hafnium-zirconium in the solution was divalent and that the nitric 
acid concentration could be calculated from the equation 
Nitric acid conc., N> = total acidity - 2(molarity of hafnium-
zirconium). 
Tliree dilxients for tributyl phosphate, Skelly D, heptane, and 
Stoddard Solvent, were used in the course of this investigation. The 
only difference noted in the diluents xfas their effect on settling 
times (see Table 6)» The settling times for Skelly D and heptane were 
approximately the same. Skelly D and heptane were used as diluents in 
the continuous runs because of their lower specific gravities and thus 
lower settling times# 
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The mass transfer of the oxide from the aqueous phase to the 
organic phase was proportional to the volume per cent tributyl 
phosphate in the solvent and the nitric acid concentration. From 
Figure 8, the effect of dilution of the tributyl phosphate can be 
noted. With 100 per cent TBP, the oxide preferred the aqueous phase 
at lower concentrations. This factor caused lower separations and 
eliminated the consideration of 100 per cent TBP for a solvent (see 
Table 9). The oxide distribution increased with increased nitric 
acid concentration (see Figure 7). The data in Table 6 indi.cate that 
6,0 normal nitric acid vrould be recommended as the acid concentration 
to be used, but due to rapid solvent degradation, 6,0 normal nitric 
acid was not used. 
The separation of hafnium and zirconium was dependent on the 
volume per cent tributyl phosphate in the solvent and the nitric acid 
concentration. With the exception of 100 per cent TBP, better 
separation was obtained >jith larger percentage of TBP (see Table 9 ) ,  
Separation was also increased when the nitric acid concentration was 
increased (see Table 8), 
The organic solvent mixture of 60 per cent tributyl phosphate-
I4O per cent heptane was chosen as the solvent to be used. Table 9 and 
Figure 8 both indicate that an 80 per cent tributyl phosphate mixture 
woidd be recommended from a consideration of mass transfer and 
separation. It was decided to use a 60 per cent tributyl phosphate 
mixture to take advantage of the lower settling time and greater ease 
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of physical separation of the phases. The capacity of the equipment 
would be increased and any loss in mass transfer and separation irould 
be recovered by the use of more equilibrium stages. 
A nitric acid concentration of 5.0 normal was chosen for the 
feed and scrub solutions. For mass transfer (see Figure 7)> ip.O normal 
nitric acid is inferior to 6,0 norraalj for separation, $,0 normal 
nitric acid is inferior to both U»0 normal and 6.0 normal (see Table 6). 
Hovrever, 6.0 normal nitric acid degraded the solvent more rapidly than 
0.0 normal nitric acid (see page 27). Solvent degradation is a 
serious problem and in order to keep the degradation to a minimum, 
5.0 normal nitric acid was chosen rather than 6.0 normal nitric acid. 
A nitric acid concentration of 0.0 normal X'/as chosen rather than 
U.O normal because of the higher mass transfer and greater zirconium 
recovery in a given number of stages (see Table G). 
The di.stribution of zirconium is not independent of the hafnium 
concentration (see Figure 10). Increasing quantities of hafnium 
decrease the transfer of zirconium (see Figure 12) and zirconium 
likeiri.se decreases the transfer of the hafnium from the aqueous phase 
to the organic pliase (see Figure 13). The overall effect on the 
separation factor is shovm in Figiire II4, The separation factor is 
lower at high hafnium concentrations; therefore, the separation decreases 
as tlie aqueous phase flows toward the raffinate exit of the extraction 
unit. The separation factor also increases as the oxide concentration 
decreases. However, the increase in separation factor does not increase 
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sufficiently with dilution to warrant the use of dilute solutions 
V7hich would reduce the capacity of the equipment. 
The use of the simulated column runs to obtain extraction data 
is recommended in a double solute system where the distributions of 
the components are dependent. Blgure lu is a composite oxide 
equilibrium line encountered in an eight-stage extraction unit. The 
points on Figure IB have different hafnium-zirconium ratios. Figure 18 
shows that the oxide equilibrium line for a given set of conditions in 
an extractor 3.s made up of points from a family of equilibrium lines, 
as shown in Figure 9. Therefore, the use of the simulated column 
technique provided a rapid and accurate method of obtaining equilibrium 
data for complex systems. 
The data on Figure 18 demonstrate that the modified McCabe-Tliiele 
method may be applied to fractional extraction. The equilibrium data 
from run I (see Table 13) exhibit an approximate constant nitric acid 
concentration in all stages. Therefore, the components wtdch are 
being transferred are hafnium and zirconium. Inspection of ^ able If? 
shows that the nitric acid concentration remains fairly constant through­
out the stages in the continuous run. There is a decrease in the nitric 
acid concentration in the raffinate end of the unit due to the intro­
duction of low acidity organic solvent. The effect of the lov; acidity 
organic solvent should be noted in Tables 1^  and iS, A maximum hafniun-
zirconium ratio in the aqueous phase occurred in stages 11 or 12, and 
the ratio dropped off until stage Ik was reached. Therefore there was 
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a slight loss in airconixun recovery in the use of low acidity organic 
solvent. The use of an eight-stage simiilated column with acidified 
solvent gave equilibrium data for the constant nitric acid concentra­
tion range in the continuous equipment. The use of the modified 
McCabe-Thiele method for determining the flow ratios and the nimiber of 
stages, and the use of equation A resulted in an accurate prediction 
for the performance in continuous run A. The stage analyses of run A 
(see Table 1$) show that one or two stages could be removed from the 
scrub section, and zirconium mth less than 100 ppm. hafnium would 
still be produced. 
The test tube mixer-settler apparatus had a capacity of approxi­
mately 0»2 pound of zirconium per hour. The efficiency of each stage 
approached 100 per cent (15) • The test tube n±)cer-settler provided an 
easily constructed mxiltistage unit from which stagewise samples could 
be obtained. The height equivalent to a theoretical stage (H. E. T. S.) 
for a packed column is approximately 10 feet for the system used in 
this investigation. 
The zirconitim was removed from the organic solvent in runs A and 
B with distilled water in a five-stage stripping unit. Recent work (5) 
has demonstrated that zirconium may be more easily stripped by the use 
of sulfuric acid solutions. The use of sulfuric acid would reduce the 
number of stages required and would produce a more concentrated aqueous 
product solution. 
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The Ames Laboratory process for the production of hafnium-free 
zirconium produces an aqueous solution of very pure zirconium, with 
fev; impurities (see Table lU). The desired component, zirconium, is 
extracted into the organic solvent and leaves the impurities, including 
hafnium, in the aqueous raffinate stream. No further purification 
steps are required on the zirconium product stream. The product is 
adaptable to either the Kroll process or the fluoride process to produce 
zirconium metal. The source material of zirconium is the reaction 
product of zircon sands and caustic soda, rather tlian anliydrous 
zirconium tetrachloride, although zirconium tetrachloride could be used» 
Problems which require further research are solvent regeneration 
and acid recovery. It is recommended that, unless a small amount of 
laboratoiy work and/or pilot plant work shotirs that the dissolution of 
the leached fxision mass in nitric acid produces a suitable extraction 
column feed solution, the zirconium nitrate feed solution be made from 
a solution of zirconium sulfate. 
A preliminary cost analysis has been made of the Ames Laboratory 
process from the zircon sand through the preparation of hafni\im-free 
zirconium nitrate solution. Since a pilot plant program is planned 
for this phase of the process, only a chemical cost analysis will be 
made at this time. 
The preliminary chemical cost analysis is presented in Table 19. 
The figure $0.99 per pound of hafnim-free zirconiTim compares 
-82' 
Table 19 
Preliminary Chemicals Cost Analysis 
Chemical Unit Cost 
Cost 
yib. Hf-free Zr 
Leached fusion mass !^i0.39U 
Nitric acid loss) |0.l5/lb. 0.200 
Sulfiiric acid 0.0105/lb. 0.16 
Ammonium hydroxide O.OU/lb. 0.13 
Distilled water 0.75/1,000 gal. 0.01 
Tributyl phosphate . 5.00/gal. 0.093 
Heptane oa5/gai. o.oou 
Total $0,991 
favorably with the ^ J1.3U per poxind of sirconium for chemical costs of 
the thiocyanate extraction process (6), The figure for leached fusion 
mass was obtained deducting the cost of hydrochloric acid from the 
cost of producing zirconyl chloride octahydrate reported by Spink and 
Wilhelm (2l)» The figure $0.3911 does include labor, equipment, and 
amortization costs and was \ised to keep the analysis on the same basis 
as the thiocyanate processj which used market cost of zirconium 
tetrachloride. The loss of tributyl phosphate and heptane was talcen 
from Millard and Oox (1^ ). The chemicals cost does not include the 
cost of regeneration of the solvent, which may increase tV\e solvent loss, 
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though the regeneration chemicals cost may be low. If a method for the 
direct preparation of zirconium nitrate by the reaction of nitric acid 
and fusion mass were developed, the chemicals cost would be reduced by 
approxi-mately per pound of zirconium (^ 0^,13 for ammonium 
hydroxide and $0»12 for the sulfui'ic acid). 
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CONCLUSIOKS 
This investigation of the separation of hafnium and zirconium by 
liquid-liquid extraction resulted in the follorang conclusions: 
1. A liquid-liquid extraction process has been developed wliich 
produced an aqueous solution of zirconium nitrate witli less 
than 100 parts of hafnium per million parts of zirconium. 
The recovery of hafnium-free zirconium was greater than 
96 per cent. A by-product solution i<ri.th a hafnium-zirconium 
ratio of 1,0 or greater could be produced. The zirconium in 
the product soliition, the oxide of which contained less than 
1+00 parts per million of impurities, required no further 
purification prior to redxiction to the metal. 
2. The zirconium was preferentiallj'- extracted into a 60 per cent 
tributyl phosphate-1+0 per cent heptane organic solvent from a 
5»0 normal nitric acid solution of zirconium nitrate. 
Distilled water removed the hafnium-free zirconium from the 
organic solvent. The conditions for extraction were 
determined optimum from mass transfer, separation, and 
solvent degradation considerations. The separation of hafnium 
and zirconium was done in a li+-stage mixer-settler unit. 
Source material of the zirconium was the reaction product of 
zircon sands and caustic soda. 
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3» A preliminary chemicals cost estimate of ^ 0^,99 per poimd of 
hafnium-free zirconium was obtained for the production of 
liafnium-free zirconium nitrate from zircon sand. 
Zirconium nitrate solutions vjere prepared Ijy dissolving the 
reaction product of zircon sand and caustic soda in sulfuric 
or hydrocliloric acid, precipitating the zirconium as the 
hyxiroxide by the addition of ammonium hydroxide, washing the 
acid ion from the hydroxide with water, and dissolving the 
hydroxide in nitric acid. Dissolution of the reaction 
product in nitric acid on a pilot plant scale produced a 
zirconium nitrate solution wliich formed a thixotropic 
mixture when contacted with the solvent and made counter-
current operation impossible in the extraction apparatus. 
5. Silicon was found experimentally to be a factor in the cause 
of operational difficulties in the extraction apparatus. The 
silicon analysis of the feed solution was a useful index of 
the probability that the feed solution will cause operational 
difficulties in the extraction apparatus, but the index was 
not exact or dependable in the low silicon range in the feed 
solutions prepared from the leached fusion mass. 
6. A procedure to obtain equilibrium data and to predict 
continuous operation in fractional liquid-liquid extraction 
has been presented. The equilibrium data are obtained from a 
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simulated column run and the flm^  ratios and stage require­
ments are obtained by a tidal-and-error solution using a 
modified McCabe-Thiele method. The procedure is designed 
primarily for systems in which the distributions of the 
solutes are not independent, such as hafnium and zirconium 
nitrates in tributyl phosphate. 
The hafnium-free zirconium produced \<ras adaptable to either 
the Karoll process or the fluoride reduction by calcium for 
the preparation of the metal. The hafnium-free zirconium 
required no further purification before reduction to the 
metal. 
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Appendix A; Analjiiiical Methods 
Oxide Concentration 
Oxide concentration in fusion mass. Approximately 2 grams of the 
fusion mass were dried at 110° C. for 12 hours and then weighed and 
dissolved in concentrated sulfuric acid. The suli'uric acid solution 
was fumed for 2 hours on a hot plate. The solution was permitted to 
cool and dj.luted to approximately 700 cc. The solids were filtered. 
Amnonium hydroxide vras added to the filtrate to precipitate hafnium-
zirconiiam hydroxide. The hal'nium-zirconium hydroxide was filtered and 
dried. The hydroxide was ignited for 2 hours at 800° C. and weighed. 
The result was the weight of the hafnium-zirconium oxide. 
Oxide concentration in aqueous solution. A volume of solution, 
containing approximately 500 milligrams of oxide, was diluted five­
fold. If the sulfate ion were present, the solution was diluted ten­
fold. Ammonium JQrdroxide was added to precipitate the hafnium-
zirconium hydroxide. The hafnitmi-zirconium hydroxide was filtered and 
dried. The hydroxide was ignited at 800° C. for 2 hours and weighed. 
The result was the tceight of liafnium-zirconium oxide. 
Oxide concentration in organic solution. A volume of solvent, 
containing approxjjnately ^ 00 milligrams of oxide, was contacted four 
times with an equal volume of distilled water. Ammonium tydroxide was 
added to the water-strip solution to precipitate the hafniuro-zirconium 
hydroxide. The hydroxide was filtered, dried, and ignited at 800° C. 
The weight of the solids was the weight of the hafnium-zirconium oxide. 
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The oxide analyses were reproducible to approximately - 2 per cent. 
Total Acidity 
One cubic centimeter of solution was diluted to approximately 50 cc. 
and titrated with standard sodium hydroxide (approximately 0,15 N) to a 
phenolphthalein end point. If the solution was organic solvent, ethyl 
alcohol was used as a diluting agent. Tiie total acidity was equal to 
(cc. MaOH) (M of NaOIi) 
sample volume . 
Nitric Acid Concentration 
The nitric acid concentration was computed from the total acidity, 
oxide concentration, and the ratio, Hf x lOO/Zr. The hafnium-zirconium 
ratio was used to calculate the average molecular weight of the oxide 
(see Appendix B). The nitric acid concentration was equal to 
total aridity - 2(gn- . 
•' average M.W. of oxade 
Hafnium-zirconim Ratio 
The oxide was sutmitted to the spectrographic laboratoiy for the 
deteiTnination of the weight ratio, Hf x lOO/Zr. The reproducibility of 
the spectrographic laboratory was - 10 per cent. 
Sulfate Analysis 
A volume of solution was taken auid diluted approximately tenfold. 
The zirconium and hafnium were precipitated by precipitation as the 
mandelate by the addition of a l6 per cent solution of mandelic acid. 
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The mixture was heated at 8^ ° C. for 2 hours. The solids were filtered 
and vrashed wD.th a 2 per cent solution of mandelic acid. The filtrate 
was iieated to approximately 90® C, and a volume of 0.25 molar barium 
chloride was added until no further precipitation occurred with the 
addition of barium chloride. The solids were digested and then 
filtered. The solids were ignited in a weighed crucible at 0OO° C, for 
1 hour. The weight of the solids was the weight of barium sulfate, 
A check analysis showed that the above method was approximately 
10 per cent low in sulfate concentration. Th3.s accuracy was 
acceptable in the range of sulfate concentrations encomtered in this 
investi gation. 
Chloride Analysis 
A volvune of solution was diluted approximately fivefold and an 
excess of silver nitrate was added. The solids were filtered on a 
filter crucible and dried at 15'0° C, for 1 hour. The weighed solids 
were silver chloride, 
Silicon Analysis 
Silicon analysis of fusion mass. Approximately 2 grams of fusion 
mass were dissolved in concentrated sulfuric acid and the solution 
fumed for 2 hours. The solution was then cooled and diluted to 
approximately 700 cc. The solids were filtered and ignited at 800° C, 
for 2 hours in a platinm cmxcible. The crucible v;as then weighed and 
li8 per cent hydrofluoric acid was added to the solids. The excess 
hydrofluoric acid xras evaporated and the crucible was ignited at 
800° C. for 2 hours and reweighed. The loss in weight of tlie crucible 
was silicon dioxide. 
Silicon analysis of solution. A quantity of the solution was 
evaporated to dryness and the solids ignited at 800° C. for 2 hours. 
The solids were tlien submitted to the spectrographic laboratory for 
an analysis of silicon (ppra. Si/ZrOg), 
Sodium Analysis of Fusion Mass 
Approximately 5 grams of the fusion mass were dissolved in concen­
trated sulfuric acid and the solution was evaporated to dryness. The 
solids were ignited for 2 hours at 600° C. The solids were then 
weighed and leached with a dilute solution of hydrochloric acid. The 
solids remaining were reignited for 1 hour at 800° C. and rerreighed. 
The loss in weight of the solids was sodium sulfate, Na^ SO^ , The 
sodium oxide, NagO, was calculated from the sodium sulfate analysis. 
Minor Elements 
A quantity of the solution was evaporated to dryness and the solids 
vjere ignited at 800° C. for 2 hours. The solids were then submitted to 
the spectrographic laboratory for an analysis of minor elements. 
-95-
Appendix B: Sample Calculation 
For line 1, under Hf x lOO/Zr " 
Data from experimental work. 
Aqueous phase 
0.9730 gm. oxide/10 cc. 
3.5 = Hi' X lOO/Zr 
U5.2 oc. of O.II4J4 N NaOH 
per cc. of 
solution 
2.5 in feed. Table 10 
Organic phase 
0.5000 gm. oxide/lO cc. 
0,U2 = Hf X lOO/Zr 
19.7 cc. of O.lltU N NaOH 
per cc. of 
solution 
Aqueous phase calculations 
1. HfOj 
ZrOl 
0 
 ^ X 100 
HfOg 
ZrO^   ^
(i 
2.  ^HfOg 
HfO. 
TT-p  ^ X 100 
ZrOg 
ZrOj 
» ^  Hf 0„ 
HfOg 2 
I *0%3Oi ' 'i^ °2 
3. gm. HfOg/l. 
(gm. oxide/l.) HfOg/lOO) = gm. HfOg/l. 
(97.3) (2.95/100) - 2.87 gm. HfOg/l. 
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h, gm. ^ rOg/l. 
gm. oxide/l, - gm. HfO^ /l. ° gm. ZrOg/l. 
97.3 - 2.87 - 9U.li gm. ZrOg/l. 
5. gm. Zr/l, 
Cgm. ZrOg/l.) (Zr/ZrOg) » gm. Zr/l. 
(9U.li) (91.2/123.2) - 69.8 gm. Zr/l. 
6. gm. Hf/l. 
(gm. HfOg/l.) (lif/lIfOg) = gm. Hf/l. 
(2.87) (176/210) =• 2.i^ 3 gm. ilf/l. 
7. Average molecular weight 
(2.9i?) (210) ^  (97.0g) (123.2) 
100 100 
6.2 + 119.2 - 125.i| 
8. Nitric acid concentration 
Total acidity -  ^ " "i'tric acid conc. 
i O M )  (145.2) - -
6.51 - 1.55 " U.96 
Organic phase calculations 
Calculations similar to the aqueous phase calculations gave the 
following: 
1 HfOo 
X 100 = 0.37 
ZrOg 
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2, % HfOg = 0.375^  
3. gm. KfOg/l. •= 0.19 
U» gm. ZrOg/l. = it?.8 
gm, Zr/l. = 37»0 
6. gm. Hf/l. = 0.16 
7. average molecular weight " 123#7 
8. nitric acid concentration = 2.03 
Calculation of dj-strlbution coefficients 
K a gm.Zr/l. org. 
Zr Zr/l. aq. 
^^ Zr " ~5OT" " 
„ gm. Hf/l. org. 
Hf gm. Hf/l. aq. 
H^f = ° 
Calculation of separation factor 
a ^ looA'-'aq. 
° (Hf X 100/Zr)^ g^_ 
^ -8.3U-8.3 
